In the present study, the Large Eddy Simulation (LES) turbulence closure is implemented, for the first time, to the best of our knowledge, to investigate the air conditioning system in a large space. The results of LES simulations are validated against experimental measurements and the model is used to study the effect of different design variables, including the Air Changes per Hour (ACH), supply temperature, and return air vent height, on design objectives, such as local and global thermal comfort indexes and the energy saving parameter, via a systematic multiobjective optimization approach. The sensitivity analysis shows that the global and local thermal comfort indexes are most sensitive to the air supply temperature while the energy saving is sensitive to ACH and the supply temperature to the same extent. In addition, the return air vent height affects the energy saving more than the other objectives. Finally, with the best design proposed by the multi-objective optimization, an energy saving of 22.9% is achievable while keeping the thermal comfort indexes within the allowable range.
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the best of our knowledge. We validated the model with two sets of experimental databases, namely with the new experimental measurements reported in this manuscript and with another one from the literature. In addition, the knowledge of the mutual effects of different design variables, including the input flow rate, supply temperature, and return air vent height, requires a multi-objective optimization study which has not been performed for a UFAD system yet, to the best of our knowledge. To fill this gap, in this study, a UFAD system is designed following a systematic approach starting with the design of experiments (DOE) technique. Then, the impacts of design variables on objective parameters, esp. the energy saving, are analyzed, and after that through multi-objective optimizations [15] [16] [17] , the best design is proposed. The rest of the paper is organized as follows: the mathematical formulation is introduced in section 2, the objective parameters, including thermal comfort indexes and the energy saving parameter, are given in section 3, and the model is validated against experimental data in section 4. In section 5, the results and physical discussions are presented. Finally, the important conclusions of the study are given in section 6.
Mathematical model
In this study, the Large Eddy Simulation (LES) framework is used to account for the flow turbulence closure. In this framework, the governing equations are spatially filtered equations.
Here, the governing equations include the mass (continuity), momentum, and energy equations.
For a low-Mach-number thermally-driven flow, these equations can be written as [31] , using the Cartesian tensor notation and summation convention for the repeated indices, 
where p is the modified pressure [32] , i g i th component of the gravitational acceleration vector, and ij  the total stress tensor which is modelled by a gradient diffusion assumption here:
  (4) and  is the molecular dynamic viscosity. In an LES framework, the turbulent viscosity, 
where  is the local filter width and û is a weighted average of u over the adjacent cells (representing a test-filtered field at the length scale of 2 ). Here, the implicit filter (i.e. (6) where s h , T , and p are sensible enthalpy, temperature, and (background) pressure, respectively, and p C and k are the specific heat capacity at constant pressure and thermal conductivity. Here, the standard wall functions [31] for the velocity and temperature is used at the wall boundaries.
To close the governing equations, the ideal gas relation
and the NIST-JANAF tables [35] (the sensible enthalpy versus temperature) is added to the set of equations mentioned above. Note that R and W are the universal gas constant and air molecular weight, respectively.
Objective parameters
In this section, the objective parameters quantifying the thermal comfort is introduced. These parameters are calculated from the flow fields, i.e. the CFD solution of the governing equations discussed in section 2.
Thefirstobjectiveis Fanger's Predicted Mean Vote (PMV) index [36] . According to ISO7730
standard, for the thermal comfort, the average PMV over the occupant zone should be between -0.5 and +0.5 [37] . Sometimes, the Predicted Percentage of Dissatisfied (PPD) index [37] , which is a function of PMV, is used instead. According to ISO7730 standard, the proper value of this index is between 0 and 15% [37] .
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As mentioned above, the global thermal comfort indexes, e.g. PMV or PPD, should be within the allowable range [37] . However, this is a necessary but sufficient condition to achieve thermal comfort and it is probable that some occupants feel a sense of discomfort in some portions of their bodies. This is called local thermal discomfort [38] 
and e T is the exhaust air temperature, 
Numerical method 8
The governing equations (of section 2) are solved using a finite difference discretization. Here, a standard 2 nd order central differencing scheme is applied to the diffusion terms and a 2 nd order fully conservative central differencing scheme, with both momentum and kinetic energy conservative properties, in conjunction with the Superbee flux limiter [40] (to preserve the monotonicity) is incorporated for the convection terms. An explicit predictor-corrector method [31] is used to decouple the governing equations, which results in the second-order temporal accuracy. The Courant-Friedrichs-Lewy (CFL) condition, CFL<1, is incorporated for the variable time step approach used in the computations. The numerical solutions are obtained using Table 2 .
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For this problem, a block-structured grid with 1.23 million computational cells is generated. The grid spacing within each block is uniform but the blocks are devised such that the grid near the objects, heat sources, and supply air diffuser is finer, as can be seen in Figure 2 .
The results of present large eddy simulation are shown in Figure 3 . The forced flow from the inlet diffuser grille under the desk and the natural convection over the occupant and computer are clearly observable in the computed velocity field (Figure 3(a) ). The stratified temperature field generated by the DV system is also observed in Figure 3 This comparison ensures that the stationary state and run-time averaging duration are chosen large enough for the mean statistics to be independent of these numerical parameters. This check is done for all simulations performed in this study. In Figure 5 , the temperature profiles of the present simulation are compared with the experimental data [42] . The agreement between the simulation and measurement validates the accuracy of our modeling approach.
Results and discussion

Main case study: experimental vs. LES results
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The main case study of this work is an amphitheater, located in Central Amphitheatre of Amirkabir University of Technology, with 146 occupants. This amphitheater is shown in Figure   6 and 
5.2.Design and optimization of a UFAD system
In this section, a UAFD system is designed and optimized for the amphitheater introduced in the previous section using a computational optimization approach based on the LES model developed in the previous sections. A sample design of the UFAD ventilation system for the amphitheater is shown in Figure 9 as the base case. As it is observed in this figure, 146 direct inlet diffusers ( Other important design parameters of the UFAD system are the air change per hour, ACH, supply temperature, sup T , and return air vent height, vent h . These parameters are selected using a computational multi-objective optimization in the next section. In addition, this approach makes it possible to study the effect of the design parameters on the desired objectives systematically. At the first step, i.e. DOE, 20 design points (simulation cases) are selected by the Optimal Space
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Filling (OSF) algorithm [43] such that the design points cover the whole range of design parameters effectively. These points, generated by OSF, are reported in Table 4 .
For each of these 20 cases, a computational grid about 3.41 million cells (like the one described in section 5.1) is constructed and the numerical simulation with the LES model is carried out.
Then, the objective parameters (defined in section 3) are computed for each of these design points to be used at the next step.
Several measures can be used to show the quality of the grid used for an LES simulation [44] [45] [46] .
One of the most reliable assessments is the viscosity ratio,
 , which is a measure of the modelled turbulence and the SGS diffusion introduced by LES with respect to the resolved turbulence. The value of viscosity ratio below 20, which is associated with the LES index of quality greater than 0.8 [44] , is regarded as the appropriate value for LES and indicative of an acceptable mesh quality [44] . The viscosity ratio profiles at 12 different cross-sections of the amphitheater are reported in Figure 11 . As it can be seen, the viscosity ratio is below 20 in all regions of the flow which advocates the high quality of the grid for the present simulations.
The response surfaces
In this step, a response surface is fitted for each objective parameter versus the (three) design parameters using the data obtained in the previous section for the 20 design points. Here, the Non-Parametric Regression (NPR) method [47] is adopted for the response surface generation.
Samples of the generated response surfaces are shown in Figure 12 . Note that the response surfaces are functions of three variables and only to show them in 3D physical space, the value of one parameter, say h vent , is taken to be constant in this figure.
Before analyzing the responses, the quality of them is checked through the goodness of fit diagram in Figure 13 . This diagram illustrates the exact values of the objectives obtained from the numerical simulation of the design points versus the predicted values of objectives from the response surfaces at these points. In this diagram, the larger deviations of points from the line xy  reflect the higher levels of error of response surfaces. As it can be deduced from Figure 13 , the responses are accurate at least at design points. Table 6 . Here, the multi-objective optimizations are performed by the Nondominated Sorting Genetic Algorithm II (NSGA II) [48] based on the response surfaces generated in the previous section. The optimal designs, the 3 best design candidates of each optimization, are reported in Table 7 .
According to To further validate our optimization results and the quality of response surfaces used for the optimization, in addition to the goodness of fit diagram presented in Figure 13 , the best design obtained from MOO No. 2 is simulated using the LES approach (section 2). The results, the contours of velocity and temperature, for this simulation are illustrated in Figure 19 and the objectives are directly computed by the post-processing of the results of the simulations. In Table   8 , the values obtained from the simulations are compared with the values predicted by the response surfaces. The low values of the relative errors of the response surfaces for this verification point indicate the accuracy and reliability of the generated responses.
Conclusion
In this work, a CFD model based on the LES closure was introduced and validated against experimental data. Then, this model was used to study the effect of various design parameters, including the Air Changes per Hour (ACH), supply air temperature ( Table 6 The definition of different Multi-Objective Optimizations (MOO) performed in this study. ....... 37 Table 7 The Figures Figure 1 The configuration of the room used for the model validation. The coordinate system is shown in the lower left corner. Figure 5 The comparison of the experimental [42] and present computed air temperature profiles along the vertical lines; (a) x=3.75m, z=1.93m, (b) x=1.5m and z=1.93m. Figure 6 The configuration of the amphitheater studied in this work; (a) a photo of the amphitheater, (b) the computational domain. 
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The thermal comfort is improved by the introduction of the partial partition. The presence of a gap above the partition walls improves the air distribution by reducing the re-circulation. The UFAD system may not be effective in situations where ground level contaminants are the main source of pollutants. When the thermal length scale, which is defined based on the jet momentum and buoyancy fluxes [30] , of the supply jets is large, the temperature stratification became significant. Air exiting at the floor level produces larger stratification than that exiting at the ceiling level. 
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